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are analyzed.
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14.
I. INTRODUCTION

This study describes an snalysis and aiaulation of ths
dynaamies of simple moered oceanic buoy systems which are
tethered to a2 surface ship. The effects of the wave 1induced
motion of this vessel, the forces due to the waves snd cur-
rents on the buoy system, and the weizht of the cable and
buoy are all included. Because of the nonlinearities of the
differential equations used to model the system, numerical
techniques are used to effect solutions.

The basic problea this simulation will address 1s the
decoupling of the cable connecting the anchor to the sub-
surfsce buoys from the wave induced motion of the ship. This
will help slleviate the problem that has caused mush concern
among reaearchers and navies throughout the world about
pessiblé fallures ln & moored cable due to the fatigue of
the sable caused by the mave exscited motions of the tethered
ship.

Mest snalyses of the type undertaken in the present
study have deslt with some type of maered buoy configuratien.
Almast 311 ef these studies did not consider systems in which
e ship was present; thus, the wave induced moetiens were
limited te s8ffeeting only the surface bhuoy.

(1)

Barber cempared three methods for obtalning esble
displecements, and then exam!ned what effect these displace-

ments would hsve in the steady stste upon surrent meters.
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His mailn concern wes in obtaining accurate data for closely
spaced aurrent meters near the top of the mooring.

Martin (2) developed a computer prograeam to determine
the steady state geometry and cable tensions in single-
peint mooring systeme. It was based on an iterative, num-
erical-integration routine for the ceble equatiens, allow-
ing for elastic cables, drag and weight forces, varlation of
surrent apeed with depth, instrumenta supported in the moor-
ing line, and the effects ef specific buoy shepes.

Griffin and Radoehia (3} derived a program to find the
steady state configuration end tension of & very long
underwater towed cable. A numerisal-integration routine waa
alse ueed to solve the cable equationa, whish considered the
slastieity ef the esble, & conetant ecurrent profile, drag
and welght forcea, snd a drogue st the end of the cable.

Griffin (4) nen-dimensaionalized the steady atate csble
equatiena for aingle paint moering esystems and eolved them
for different valuee of the non-dimenaienal parametere. He
plotted the apatlal seordinatea ef the end paint as a funo-
tien e¢f the dimenalonleas coefflelients for drag, sable
Yeight, exceea bueyansy-to-teneion ratie, esurrent profile,
and dbuey gesmetry ao that, for a2 given sat of buoy and cabdle
parameters and spesifiec current profilee, the horizontal and
vertieal exeureiene of the buoy could be detsrmined.

Shepard (8) deecribed a dynamiec madel of a vertisal

)
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moored taut cable which was subjected to a low veloclty
tranaverse flow and which undervent small harmonrlc oscilla-
tions 1n the vertical direction at 1ts upper end. Calcula-
tions based on this model ylelded .estimates of the dynamile
forgce~displacement relations at the upper end of the cable.

Griffin (e) inveatigated the forces acting upon a
cable~-towed body system and developed a diglital computer
slmulation of i1ta dynamica in a plane. The towed systen
wasa exclted by ship motions caused by deep-ocean waves.
Bquations of motion for the towed body were written and re-
duced to a set of ordinary nonlinear differential equations
having nonconstant coefficlents. A lumped mass model of the
tovline was employed and the equations of motion for the
eable were numerically integrated simultaneously with the
towed body equations of motion in the time domain.

Paquette and Henderson () used sn snalog computer to

ainulate the dynamies of buoy mooring ropes under conditlons

typlesl of the open sea. They solved the set of second-
order partis] differential equations associsted with single-
peint mooring aystems under the actien of wind and current
ferces that were unidirectional and caplanar. The cable was
simulated by up to ten strailght segments joined at node
points where sll forees and mass were assumed to be lumped,
Brainard (8) analyzed the dynamiec motlien of & single

peint, taut, compound mooring. H!s model conslated of a
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series of discrete messes cannected with linear eprings;
motion wee eseecumed to be one-dimensionsl along the longl-
tudinal exis of the model. The snalysie predicted the
natursl frequencies of the model without damping. Theee
results were used as s baais for anelyzing motion of the
maasee and tensione in the springs when the model was driven
with sn externel foree and where damping, from tsngentiel
dreg, wes sesumed to be proportional to velocity squared.
Solutions were obtained by computer progrsmmed numerical
techniquea; both ateady etate and transient ceees were etu-
died. Respense of the system with altersatione of drag and
spring stiffness were alac studied.
Patton (9) inveatigated a digital ecomputer simulation

of buoy system dynamics for simple buoy systems, thst 1s,

8 surfese buoy meored on a single mooring line. The buay
system could be exsited by winds, waves, end currents.
Binds could act from any ecompass direstien, and currents
sould vary in strength and direction as 8 function of depth
in the water columan. Wind waves were simulated by firat
eomputing their properties with the Sverdrup-¥Nunk (12) -
Bretsehnelider (13) methed and then by using Bargman's (14)
energy partitiening seheme on s twe-parameter Bretachneider

spectrum to compute compsnent sine vave amplitudes, phaases,

snd frequencies.

Equations of motien for the buoy, assumed to be an
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Oblate spheroid, were developed for six degrees of freedom-
three translsational and three rotational. Hydroatatlic and o
hydrodynamic forces and moments acting on an oblate spheroid
moving on the free aurface of an infinite body of water were
investigated in detail. The set of integro-differentisal
equations for buoy motiona were reduced to s aet of nonlin-
ear, ordinary differential equations with nonconstant co-
efficients by using the Haskind (15) hypotheais to evaluate
the hydrodynamic foree and moment integrals and to represent
them as frequency dependent coefficienta. Buoy motiona wers
coupled to the hydrostatic, hydrodynamic, and mooring line
forces.

Cable dynamiecs were slso inveatigated. A aet of
coupled, hyperbolic, partial differential equations far
cable motions were developed and characteriatic equations
were derived to effect a method of charaecteri{stics asolutlaen.
4 unique numerical methad of characteristics technique,

based upon Hartree's (16)

methaed, waa developed for the solu-
tion of the cable equatiens {in the time-space domain. Buoy
motiens, which were dependent upon the sable tenaions, served
as the upper boundary conditions. Lewer boundary conditions
were preseribed at the anehor, where there eould be no
motlien.

For eertain buoy systems, where many masas disecontinuil-

ties existed slong the cable, or for shallow water moorings, |
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where sleck cable conditions could exiat, a lumped masa
method of computing cable dynamics was developed as opposed
to the finite difference method juat described. In generesl,
for eable dynamics the lumped masa numerical method was an .
order of magnitude faater in computation time than the fin- h
ite difference method. !

The equations of motion developed for the buoy were

Sulved numericslly in the time domain using a fourth-order, . h
Runge-Kutta integration method. Cable equations could be
solved by finite difference methods or by integrating with

the Runge-Kutta algoritha for the lumped mess model.

In order to validate the numerical models developed,
two buoy aystams were instrumented and deployed in Block
Ialend Sound. The motien data from theaa experimants, alang

(10, 11)

with data published in the literaturs » WEre com-~

parad with simuleted buoy motien data. This eomparison (9)
indicated that steady atate buoy ayatem forees and configu-
retions could be predicted within approximately five percent
and that dbuoy myatem dynamica could de predicted within ap-
preximately fifty pereent. There were some indicatiens that
the aurge and sway hydrodynamie foroesa asting on ths buoy
sare belng undarestimated by the computer aodel.

(17) tested modela of three buoys; in theae

Webater
tesats, the effects of both waves and eurrents were slaulated.

As 8 reault of the teats, a aingle-point mooring econfigura-




20.

tion for & nev buoy waa developed. Of particular interest
during thia study was the visibllity of the buoys in vari-
ous sea and current conditions. The test results were used
to predict the fractien of time that the buoys remained
within two, three, and four degrees of the vertiecal.

i1

Herclier ) presented the resulta of hydrodynsmie
tests of several models of typlical buoy shapes. Meaaure-
aents of 1ift, drag, and pitch moment were made for the
heave, surge, and pitch modea of motion in calm water and
for the model held fixed with surface wavea passing by.
Theae results were neceasary for eveluating the motions of
these bodies for arbitrary mass diatributions, using the equa-
tione of motion. Ceefficlents expressing the inertial and
damping characteriatics of these models, based on the sssump-
tion of linearity of fercas with motion and wave amplitude
were presented in tables. Amplitudes and ﬁhaaes for the
wave exciting forees were tabulated. Models that had been
tested included a half-immersed sphere, a half-1igmeraed
torus, @& one-fiftieth scsle model of the ZMonster Bueym, a
shsllow draft rectangular barge, and a eylinder with a
squere damping plate at the lewer end and with a hesispher-
ieal bottom cap.

The problem considered by Reild (19) dealt with the
motions of snd tensions within a quasi-elastic meoring line

whiech wes snchored at the sea floor while attached to a ship

SR
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er buoy at or near the sea aurface and subject to the in-
fluenee of time varying currenta. This was a natural exten-
sion of previous studies, auch aa thoae of Illson,(zo’ 21),
desling with the equilibrium configuration of en anechored
cable in the presence of steady, coplsnar currents.

The design concept snd a auamary of the motioen analyals
of the mathematical model of a tri-moored buoyant atructure
were presented by Savage (22) for project SEASPIDER. The
need to adapt the atrustural design to the anticipated
oceanographic environment in order to obtain a near-motion-
lesa system was discuased. Critical components of the total
system were discussed, and experience with these components
duriang ees trisls was recorded. Sea trials of the systenm
esonducted on the Blake Plateau in 2600 feet of water were
reviesed and the results uaing the system ags s base for
acoustic, temperature, and current amsessurementa were pre-
asented. Bvidense of the nesr-motionleas characteristica of
thia tri-moored buoyant structure was presented snd dis-
cussed. The purpoae of projesct SBASPIDER had been to prove
the feasibility of tri-moored buoyant struetures uith neu-

trslly buoyant legs as instrument bases fer all types of

eceanographie nmesauremente in the water c¢olumn of the deepeat

parte of the ocsesn.
Correll (23) reported the resulte of an analytiesl de-

aign etudy and e protstype experimental progres which inves-
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tigated the characteriatics and performance of a buoy sys-
tez for the U.S. Naval Ocesnographic Hysurch Progrem. The
buoy system served as 8 reference station for & hyperbolie
navigation system for cosatsl hydrographic survey. The work
conaisted of an snalytical evaluation of several classes of
buoy systems, a detalled desizn of a prototype buoy aysten,
an experimentel prograa with & full scale prototype buoy
aystea in two oceanic environpents, and an evaluation of

the operational characterisatica of the prototype systen.

The prototype evaluation showed that a highly compliant taut-
wire moored surface buoy conflguration could provide vertical
atabllitiea of less than eight degrees varistion and & wateh
eircle of spproximately ten perceant of depth, in sea condi-
tions of up to sea state four and with osceen currente up to
tbroi quarters of 8 knot.

Most analyses of the type undertaken in the studiea
described above have dealt simply with moored buoy-cable
systems. The present atudy will include the dynamiec effects
of & ship which ie tethered te the eystem ae an extension ef
previous worka. In addition to thia exscitatien of the ays-
tem due to the respanse of the ship to ocean waves, the
ather forces which will be considered include water drag
(normal end tengential), esble tension, eable and buoy

welght, and inertiel forcee. These will be assumed te be

acting et diserete points along the cable in e lumped mesa-




L
. |

|

spring model. In order to provide initial esonditions for ,i
this dynamic case, a steady state model will first be de- ;
.

5

veloped.
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II. STBADY STATB MODBL

2.1 Cable Bquations of Motion

The equilibrium equations, originally given by
Patton(g), were modifled by Griffin and Radochia(s) and used
Yo model extremely long towed arrays. The differential
equations generated to desacribe the equilibrium sondition
for an element of cable asubject to welght and ateady hydre-

dynamie forcea are gilven aa:

7% =C ey )[3"9""“»'«“"”‘”') (a)

AT - . — _L_ “” »

des T o et el L Ly I”I (1b)
2t (L) emd =L o tep )
e — (7 /(M bW e e
de _ | + —2T

La; — md, E (14)

Bquations (la) through (la) are the equilibrium squations

fer the cable in the x", y®, and 2" directions respectively.
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(Ses filgures 2 through 6.) BRBquation (1d) ia derived bdy
using Hooke's law (22)(strnlnattrosc/nodulu‘ ef eslaaticity),
which is valid fer linesr elastis materials. (Strsin,

de

e, l), is ssaumed to be very small, snd temperaturs
effects on the strain are neglected.) All of the sbave aere
fer cables with circular c¢ross section.

The parameters used in equation (1) sre defined ss

follows:

T mum_umm_x“_m%hmn—
2 (3)(e)(#)(~")

- _ug-_u_m;umu'_num.}_unx&h__
‘ (1) (o) @) o)

+ the normal drag coefficient of the elezent slong

(c
i the x" exis and 2" axis

(= tangential drag/unit length

; (z)&XmNL) )

Cyy = the tangentisl dreg ceefflielent ef the element
aleng the y8 sxis

d = the outalide dismeter of the element (see
figure 1)

dg = the effective atrength member dismeter (ses
figure 1)

- o~ i i i : ittt g NOERFREPNER-F SRR PRIV ST NSRS NN TP
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Bg = the modulus of elaaticity of the effective
strength member

S =z the atretched length of the element

ag = the upnatretched length of the element

T = the tensian at the element

%, = the 1n water weight per unit length of the cable

element (Por the cable, weilght is defined as a
positive quantity; the aquilibrium equations of
the cables take into account the fact that the
positive welight 1s acting in the negative 2z
directlon.)

u®, VV,u%, s the fluild velocity cemponents in the double
primed coordinate aystem along the x%, y¥%, and
z" axes respectively (See figurea 2 through 4.)

Qw = the mass density of sea water
e,¢ = the angles of the cable in the double primsd

coordinate system, deafined in figures 2 threugh
4.

Bquation (1) uses two different valuesa for the eable
dismeter. The first, d, is the outaide diameter; the sesond,
dgs La the strength member diemeter. A eable may sometines
have a buoyaney material, auch aa thermeplastic rubber, ex-
truded over the load bearing member (sea figure l). Thia
will have little effect upen the atresa-strain relations
of the cable, but will affect the drag fercea on the cable.
This fact is taken into conaideration when deriving

equatien (1).
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BUGYANCY MATERIAL

Pigura 1. Cable Diameters

Te tranaform froa inertial (unprimed) to cable
(double primed) ecoordinates, first rotate the x-z pleane

about the z axis as shown in figure 23

2,2’

4

”~
”

Pigure 2. Rotation from Unprimed to Primed System




R A———

28.

Rext rotate the priaed system to the double primed
aystem by a rotation about the x' axis as shown below in

figure 3:

Pigure 3. Rotation from Primed to Double Primed System

The gable element 1s aligned with the y" axis in the

double primed coordinate system as shown in figure 4:

Pigure 4. Ceble Rlement in Inertial and Cable Coordinatea

T e A B S
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The changes in the horizontal angle @ and the vertical
angle ¢ in the inertial system are shown below in figures 5

and 6:

T ———
e

y

’ _’.1y
%

Pigure 5. Herizontal Angle Change
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FPigure 8. Vertical Angle Change

3
Griffin and Rsdechia (3) glve the tranafera matrix te

ehange from the unprimed te the double primed ceordinate

aystea as: . =
Coa O 4 © o
A = |4ineceed Comocmy e §
44;‘9.4;..?5 —c“,wu‘..;; coe § (2)

— A Tl O el A i P
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3l.
Its 1averae ias given aa: j
' Lot 6 ~aind cos d Al 6 aan & |
A —— MQ Wew* "m@‘&’ !':
o <in ¢ Cos ¢ (3) |
Using the above relations u", v", and w" may be defined 3

as the fluid velocity components in the x", y'", and z'" direc-

tions respectively:

»

MM = M Cov O + A e S (4a)
* -

WD A A © CHP+ACoe Con § + Wetin § (4b)

wr’ s A A O din § A Cos © Atn P P Cos ) (4c)

shere u, v, snd ¥ are the current ceapenents in the x, y,
snd z direetioens respectively (the inertial eoeordinate
system]. MNete that u", v®, end u" may be s functien ef
depth, if desired.

Bquatiens (1) are numerieslly integrated using a feurth
order Rungs-Kutta l‘th.d(zs)- A brlef deascriptien of this
msethed ie preeented in Appendix A; further detsils may be

found in Kelly ¢26} gr Nielsen (27)
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The following lnertial coordinatee of the element are
computed once & solution fer T, 6 , and 4 is obtained for
each element of cable, ds. (It 1s assumed 1n thie study

that the unstretoned length of da 13 20 feet.)
dr = - do aine cou ¢ (5a)

d!: &M¢ (5¢)

The Runge-Kutta method ueed in this simulation hss been

shecked fer eccurate performance by HNhite (26)

fer meny

representative differential equatiens. The intent was te
provide 2 subroutine which performed the "dirty work™ erd
required the programasr enly te wsrite expreseions fer the
derivatives involved in hie particular differential equa-

tions. Fer the present etudy, thie fermulatien was found

te provide sufficient eceuracy with rapld senvergence.

2.2 Sybsurfece Byoy Bgustions

+2.]1 Feree rlum Bquetlens
Ae diecussed 1in the previoue seetien, s numerieal in-
tegratien precedure 1s ueed to solve the cable equetions.

At e buoy, hovever, thie echeme muet be interrupted, end
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the force and noment equilidbrium equations for the buey

e Sy ol o

must be solved in order for the integrsation to proceed at |
the next sable element on the "ether side” of the duoey.

A free body disgranm of the asubsurfaee dbuoy, which is

T

sssumed to be spherical in shape, is shown below:

; r

Pigure 7. Pree Body Disgraa of Sudbasurface Buoy
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vherse

[++]
L}

net buoyancy of buoy (buoy displacement
minua alr weight of buoy)

Dp = drag (assumed to be in the horizontal
plane, le., no vertigal currents exist)

Tgg = tenslon on cable (rom anchor at point E

tension en sable from surface at peint D

-3
w
o

"

X5, Yoy 2p

inertial zoordinates of noint D
Xgs Yg» 28 = inertial coordinates of polat B

radlus of spheras

Re
The tenslion compenents in the inertial socordinata
aystem at point B are glven by Griffin and Radochia (3) in

the X, y, and 2 directions respectively aa:

(Tee),

"

‘.7;5 G%‘ Cﬂ& ¢"

(éa)
(7;5)7 = e Cov8, 9 (eb)
(Tu) = ne v ¢ce
2 (6e)
whare 9“ end #,e are the horizental and vertieal angles

respectively of the eable at peint E desaribed earlier in
figures 2 through 6. These are conaldered te be meaaured

peaitive counterclockwise from the y saxis and peaitive

L———-u——‘—_‘ < ki BT SN SIS T P Sy T8 Fo e eon T Tt TOPUITY PR ok b SR S .. A

i, et AL S RN A

)
it b
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upwards fros the x-y plane respectively. (This will de
true whenever the aymbols & and ¢ are used at any peint.)
The tenaion magnitude 7;: snd the angles 5,, and éu are
already known from the asolutien of the csble equatiens at
peint E.

The tension components at point D may be given by:

(Tn% = Tyt 6y, cos g, (Ta)

(T”)? = 7;9 -

20 ¢&0 (7o)

(7;’)2 = 7;1) e (7

(Te)

'honemund *” are the horizental and vertiesl angles re-

apeetively of the sable at peint D. The tensien magnitude
Tep and the angles Q” and 7&0 are three of the unknowna in
this problem.

The bueysney feree, B, will always be aeting vertically
upwards; thus, its only c¢omponent is in the & direetien.

The drag, Dy, ®ill be sssumed te be acsting in the her-

1zental plane. This 1s @ consequence of the assumptien

X
s
Sttt L 5 G e S 8 i sl it b i i ot ki p NEREREI WCwy TR

e e At ettt i

|
!4.
|
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that the current velocity vector at any depth is contalned
in a horizontal plane, that is, w = 4 = 0. Purthermore,

the current velocity attenuation with depth ia insignificant
and can be assumed to be non-existent across the sphere.
Thus, the current magnitude is given as Az and ita direction
as ec , where Q 1s measured positive counterclockwise fron

the inertial y axis. Berteaux (28) gives the drag force as:

/
D, = 3 0w, A" o)

where Q_ = aasa denaity of sea water
cp = coefficient of drag for the buoy

A projected area of the buoy in the vertiecal plane

For a sphere,

po ]
A= R, 5

Thus, the components of drag for the subsurface buoy are

given asl

(DF)": ;Tl'e" Co:(ﬂ%J)(-AGMec)(I ‘/‘G-‘MG‘I) (10e)

(1), st 7)ot )| 20 )

(10b)
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shere cpg 18 the coefficient of drug for @ sphere st Rey- 4
nolds Number Re, where Re 1s a function of the current vel- ;

ocity, buoy diameter, and the kinemstie viscoslity of sea- H
i

water(\) es follows: .i

QAL R,
F?e.== I
N (11} .

Qlin‘ the above expressions for the gceble tension,
drag, snd gravitational force, three force equilibrium equa-

tions may be written tc aolve for the three unknown tension

R

components. They are written, for the x, y, and z directions

respectively, es: *

) (T'E)?‘ +(DF)1 ‘(7:90)(““"" %) o ¢oo) ~e (12a)
. Ge),, ¥ (D/r)7 +(T,,) (e 6, ) (e $,) =0

= (Tu)z t (5) + (Tlo) (‘“" ¢00) =0 (12¢)

(12p)

wop R

These equetions are solved in Appendix B.l; their esolutien,

from equations (B9), (Bl2), end (Bl3) in Appendix B, is as

Ak i e T T—— S 0 TR i " e RSN N T
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follcwmsa:

- AEX
O = Foan £ AEY ]

by =t ( act ) (wﬂ

aex = |~(m) +(0F)
per = [0, - ()]
AEZ = [(Tse s (3)]

2.2.2 Moment Bqujljibrium Equations

(12a)

(13b)

{13¢)

(14e)

(14b)

(14e¢)
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The noment equilibrium equations may be developed as

followa. Let |

%o8 = %o~ e , (15a)
i
“og = Y T # , and (180) .
k
2,, = & "% (15e) i

Then, the moments about point B may be written as:

(B)(%‘ + O—M)z (")’op) - (D,-)? (‘23"') = Q;o)) éu)= O (16s)
(0246, o) - DG - ()
(Dr),(%i *(Tu)7 (a) - @r)g(zf‘ﬂ ‘(Tu),@’..) =0 (16¢)

]

o (16b)

Sinee all the fercea cenaidered in the problem sut line ED,

egquatiens (16) reduce fres three te only twe independent

equatienas. A third independent equation, which states that f

line D passes through the senter e¢f the ephere, may be

uritten from the phyeical geometry of the duoy:




4C.

(Q I?,)a = Gx“): + 6”03)3 # (z”)'? (171)

Thelir solution is glven in Appendix B.2, where equations
(16a), (18b), and (17) have been used as the three indepen-

dent equations. From equations (B -21), the coordinates of

point D are given as:

%o T Na t Pps (18a)
= Yt Yos (18b)
2, T & t 2, (18¢)

shere, from equations (B20)}, (Bl9a), and (B19b):

D.

S
2": €z ) L
V) + () +!

tu= (5)(2n) (1on)

Fog = (—-i—'—:—) (Z”) (19e)

(19a)

i i e i kR e — —— .
= R R i
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The constants in the above sxpressions are defined from

equationa (Bl7) as follows:

S [(-;f-) + (Tap)!_] (20s)

¢, = [%21- + (T,,)7] (20b)
e,= [ &= 4+ (5)] aoe

D, = (3)(R,)

2.3 Iterative Solution for Pinding Tension at Anchor

In erder to start the integration of the sable esquations,
the boundary conditiona at the snshor must be knewn. Sines
the tensien and angles at the sanchor depend on the f inesl
squilibrium configuration, en iterstive tesechnique ie devel-
sped medifying tha methods firat deseribad by Dominguez snd
Pilmer (29] (shieh are bessed on Skep and O'Hara's (30)
method of imaginary reastions) and later used by Griffin and

Swope (31’.

SR oin i ol i i i T




42.

3
|
MEANV = SHIP
WATE
Levs: t_ ]
(0,6 H)
Buoy
H
. AN
(o6 ANCHOR 4
”t

Pigure 8. Inertial Coordinate System

It 18 seen from flgure 8 that the eachor 1e located st
X =0, ye e, end 2 r 0. The y axia 18 the horizontal pre-
jJestien of s atralght line taken between the anehor end the
first peint of submergenee into the weter of the tether
¢eble from the ehip. The 2 exis is the vertical direetien,
and, of eourse, the x oexie eompletee the right handed ce-
ordinate system. The firat point ef submersense into the

weter of the tether cable from the ship, T, 1e leeetad at
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X = 0 (due to the alignment of the y axis), y » @ (thia will
be specified), and 2z = H (the water depth).

The procedure begina by assuming the tension veator at
the anshor, ﬁf » shich lncludea & magnitude T, and the twe
angles 6 and ¢A - (The welght of the anchor 1s censidered
to be aufficient to prevent any movement of the anshor;
that 1s, the anchor 1s sssumed to be fixed.) Integration
then takes place over the cable up to the firat asubsurface
buoy (if there 1s one). Bquilibrium requirements sre sat-
isfied here (see equations 12), and the integration continues
aleng the cable up to the second subsurface buoy (1f there 1lsa
one). After equilibrium requirements sguin are aatiafied,
the integration proceeda slong the tether te the ship. At
the ship, the calsulated valuea for the peaitien ef the
ahip are compsred to the apecified locatien of the ship en
tne asurfasce. (The water depth 1a known and the positien of
the ahip 1s speeified relative to the anshor due te epera-
tienal consideratiena.) Theae errera are then used in
Scerreeting® the tensioen et the anchor. The proceea ie re-
peated until the errer reaches a auitadbly small velue. (Per
the present atudy, a cleaure errer of ten feet wasa uaed at

the ahip.) Thia procesa 1s deseribed in detail ae follewa:

e e il i i, € i T ST T TN
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I = (O""A) (21a) |

4% VE, (6-4) (21b) 1

Az, = —-—f-‘——(H-zA) (21¢)

vhere X;, Y., 8and 2z, are the calculated values for the pesi-

tion of the ship, and

b e

Eg ® (O-4A)J + (G“%)J t @‘ZA)a (22)

Lot{ be some poaitive numaber which 1a reduced at cer-
tain iterations so that each iteratien produces a smaller
closure error, until the value of B, 1a less than some pre-
specified value € . 1Initially, the value of 4, 1s taken to
be equal to 3000 if there are no buoys 1in the system, the
excesa buoysnay of the buoy if there is one buoy, snd the
sums of the exeess buoyaneles of the buoya iIf there ara two
buoys. Ej 1s initially sssumed to be ten times the 1lnitisl
value of J; « One can choose to reduce J: by a fsetor of

tweo. (Convergence for thia method has Beea indicated by

DT SRR FTRRC AT CRMEEN S ST ST T LA T T U T . o e
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(29)

Dominguez and Pllaer and Griffin and Swope (31).)

The tension at the anchor 1s correeted as fellows:

Let the new tensien be gilven by

Taw :-\//#(7;~);l + <?)n%: + (?;'i:

and, usiang equstien (6),

(?;), = -(j;,)(:““”94) (e d,)
(W)y = (1) (s, ) (e )
M)y = (M) (2e~¢,)

(24a)

(24d)

(240)

(26a)

(26b)

{26e)
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—
Tw may be broxen up into a magnitude and twe

angles as follows:

Taw :\/ (7;»/): +<7:4~>; * (Zw)a | (26a)

-

¢A.v = /tw.‘, @w) - ;
\/(TM); + le); ' (26b)

~1 = (7:! »)9(

(TAk)7 (26¢)

where T‘,) ¢4~, and 64” are the "iamproeved" tension and angles.
At the N'th ilteration, Epy 18 eompared with Byy It
Bw_1< BA" the value ef JA. is reduced (by half here), aand

— —
T, 18 coaputed froa Tw_ using the new value of J" .

[
The abovas process was the sole sriterien for Domingue:
and Pilmer (29] snd Griffin and Swepe (31) for the redustion
of 4; +» It was dealded, however, that if a larger error
could be predicted in advence, then convergence would be
faster. The basic 1dea of this is te prevent an "over-
ecorreetion®” of the tension at the anchor; that ia, if the

N'th {teratlion produced an error signifieantly samaller than

the (N-1)'th iteration, then [‘ should be reduced on the N'th
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iteration. Otherwise, too large s correction would be
applied at the anchor, resulting in a lerger error on the
(N+1)'th iteration thsn on the N'th iteration. This 1is

accomplished by using the follosing scheme: Let

&),

€4), (217)

ERRR =

‘where (Ba)y_, and (Ba)y are the errors of the (N-1)'th and

N'th lterations respectively. If ERRR is grester than two,

then 42 will be reduced in the following manner:

©), =),

(28)

— —_—
.snd T,, 18 recomputed using T4, and the new value Otéﬂ 5

One problem waa encountered, however, using this second
methed: IA was sometimes reduced toa quickly so that the
error sss unable to reaeh ¢ suitebly smsll value. ( {. uas
reduced tec much, reaulting in the tension correctiena
(42,84, 8nd 4 2 of equstien (21)) becoming teo emall.)
Thus, while the firat methed for reducing f‘ 1s implemented
slways, this second procees is used only when the errer 1is
greater than 600 feet; that ie, when ths ehip is celeulated

to be more than 500 feet from its specified lesation.

y
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III. DYNAUIC WMODBL

3.1 Cable Bquations of Motion for 8 Lumped-Nsss Systen

Kany methods are available for analyzing the motions of
a cable. The cable may be regarded as a continuum, 8 series 5
of finite segments, or a series of lumped-mass (concentra- |
ted) elements. Both the finite element method and the
methoda that assume the cable ts be continuous are numerical
techniques that usually require a great amount of computer
tine, The lumped-mass method employed in this study to

(9)

analyze the unsteady motions of a cable is Patton's

who states that "s lumped mass analysis csn offer signifi-
csnt savings in computational time st the expense of
siamulation accuracy. In general, the lumped-msss analysis
will truncate the high-frequency response of the system.
However, for many engineering applications, the high-fre-
quency, loweamplitude response is not of interest, and the [
cabls can be represented as & small number of lumped masses."
A aimilsr approsch was also taken by Griffin (6) in his
mnodel of a cable towed-body system.

Ths lumped mass models of Patton (?) and Grirrin (6)
essume that s unifora cable of length L can be broken up
inte = unstretched segments of length 4 Lp. Figures 9, 10,
and 11 show these models for the no buoy, one buoy, and twe

buoy systems respectively used in this study.




Pigure $. Lumped-Mass Cable Elements With Ne Buoys




Figure 10. Lumped-Maas Cable Hlements With One Buoy
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Pigure 1l. Lumped-Mass Cable EKlements With Twea Buoys
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For the purposes of this study, the system is sssumed
to be divided up into six segments (m « 6), which results

in seven lumped msss elementa. As shown in flgures 9%, 10, !

and 11, element number one is the anchor and element number

7 is the ship. The forces acting on the cable are assumed

S

to have no effect on either the anchor or the ship. That

R

o sl

is, the anchor has neither accelerations nor velocities,

and the ship hsa accelerationa and velocities due solely to

its wave induced motions. (The ship's motions, when attached

‘to the system, are taken to be identical to those when it is

unattsched.) 18
If the cable's weight, mass, hydrodynamic forces, ete.,

are concentrated st points 2, 3, ..., 5, 6, (which are lo- ﬁ

cated 4Ly, 4L; + 4Ly, ooy, 8L + 8Lyt oot 4 Lg

from the anchor), all forces acting on the cable span from {
ala- ;
(dL,+AL3+...+4Lm,J+-3"‘—f) te *

(AL, +ALJ+. o tAL ., + _03‘&) will be concentrated
st the n'th mass paint. Cristecu’s (32) cable equations are

written for the n-‘th mass point as:




-
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A () ALn HMai(a)y AL, &%,
— +5— -

(_X_MJA[M + _Xo\-l 4 l“_, + (7—12- :,i.' '/.)

2

( HMa (&)oL, @)L, A
2 ) 2 Lt

(29ea)

(l’: ala " Z—_z A/.,.-,) +(-'r:,; _1':';) (29b)

2 2

(Bl fulaih) £
2 2 L

(2%a)
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where

/un(lg) = the mass (structural) per unit length
of the n'th cable segment

Xns» Y35 2, = the inertial coordinates of the n'th
aass paint

e tine
c in, Zn s the .force components (weight, drag,

and added mass forces) per unit length
of the n'th cable segment

g =

-
Tn e the cable tension vector of the n'th
cable segment

A A A

i1, J, k z unlit vector componenta
To compute forces acting on each nass element, the cable
anglea ¢ and 4 for each element aust be defined. From the

geometry between the successive nass elements, we gzee that:

6 - /&‘;1 = (4»«#[ -’x"‘) )

(ﬁﬁ*u = Ya)

(30a)

]

¢ /&,:I ( ZAQ‘ oy ?M)
(’){Aﬁ ‘4")&'* (s = 74«)3* (O m)a 30b)

The atretched length between any two mass elements is com-

puted ss equal to:

S v > = e T i et s i R 2
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£
\[@.,, 2, + Cars=44n ) # By 2’ e

Pigure 12 shows the convention used for the subscripts:

n'th segment /—\

e T B I n'th element
(xq, Yn» %)

(n-1)fth segment

Pigure 12. Subscript Convention for Lumped Nass Angles
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To compute tensions between elements, the elastic
properties of the cable and the cable deformation are used.
That is, if the effective cable modulus is B, and the cable
element deformation is J , then, using Hooke's Law (24),

the spring conatant along the cable is:

(S0 (78
v ~ 4 )( G

K?A = r = fm (31)

Assuming tne.cable cannot support compression, it must
be specified that If the difference between the stretched
and the unstretched length 1s zero or negative, the tension
18 zero. Otherwise, the tension in the n'th cable segment

is defined by:

T = K?n \/(4":-4 ) @uw 7"‘) +(anw~ A) - AZ )

(32)

The tension in the inertisal coordinate system is, froa

equation (6):




57.

F-T,;‘%o‘ Cov §o.
T, = Ty, Coe 8, Cov g

| TyL 4 da | (33)

The inertial tenslon components are used to compute the
tension difference across the maas eleaent given in equa-
tion (29).

Each of the forces Xn 4 L, in 4 Lp, eand Zn 4 L, acting
on each mass element consists of welght, viscous drag, and
added mass forces. The weight force vector per unit length

is, in the 1nertial coordinate aystem:

o]
\n/c 4 o
=AY (34)

shere s, 18, as before, the in-water weight per unit length

of the csble.

The components of the ocesn currents that exist are

glven as




s
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A L
w | j
0 (36) ]
1
g
and the velocity components of the n'th element are
‘3
A m
Za (36)

then the resultant velocity of the water relative to the

cable components are:

uko. AL - /in\.
VR& /V’ e A}A
Win o -2, (37)
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For the purpoae of cslculating the cable drag and added
asss forces, previous studies (6, 9) nave used mesn cable

anglea at the n'th element, defined to be:

(38a)

(38b)

Pilgure 13 shows

such angles.

Pigure 13. Mean Cable Angles
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In using tnese mean cable angles, it waa inherently 4
assumed that the angles &,_;, &, @ n-1, and ¢n all lie |
in the same quadrant of a rectangular Cartealan coordinate i
system. After examining the prellminary results of the- {
steady state model, however, it was aeen that thls was not
often the case with the preaent study. Pigure 14 shows one r

such confilgzuration:

Figure l4. Pessible Mean Cable Angles




6l.

It is obwvious from figure 14 that the mean cable anglea
computed from equationa (38) would yield erroneous results;
thus they will not be employed. Rather, the forces con-
aidered to be acting at element n will be the summation of
those acting on half of the (n-1)'th segment and half of
the n'th aegment.

The velocity components of the water relative to the
cable, using equation (2), are transformed to cable coor&l-

natea to Yyield:

Up = Ca_-/,’:,) (coe 6,) + (-4, ) (oo 6.) (39a)

V, . =~(he Join @ con f ) 4 5 )(con 0 comh )+ (- )05 )

o (390b)

W = (-5 Yaio o tin ) (-5 (oot im 40) # (2 ) ere o)

(39¢)

The drag force compensnta per unit length are, 1in

cable coordinatea:




=

e2. 3
‘ |
x5, =2 Qw dm Con (f(,jk U,; (40a)
)
D"tfu =30 T £, ¢, \{v'f.. ,Vﬁil (40b) i
2 =rs L, ¢ P
P o= RS S Won 'W‘m' (40¢) 5

The drag forces per unit length are then transformaed back
to inertial coordinates so that they will be consistent
with the coordinate system used in the expressions for the
other forces.

Lumping the added mass teras with the structural mass
teras snd transforming from cable coordinates to inertial

coordinates ylelds the added mass matrix:

==
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Patton (33) glives the added mass per unit length for very

long eylinders as:

(%=)°

~

/»"_1- :0

T~ (42b)
MRy = T Re\3— (42¢)

Then the different terms of the cable equations for

the n'th element are as follows.

The mass and added sass teras:

. m“‘é«

+M*‘;M9AM¢M]£&2 + [/a*_,(,'a;)

+m.l. Co‘ve., -/»'J‘ Me‘.

L XY - o

- Coc.é“v

<
X
Ty . Un @ ting as,,.., - T
LE Y d/t (43s)

Ay

s A bk e b i B o T A b S Mk kst e okl i i
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{[/‘m(‘o’) +m‘dzwa+ﬁ”¢7;‘c€*%w¢m

_ﬂu,,;@*e,,,mi..]ea'l:’* [ fnes @

- . Coe 8, Cos Pm-
+omy,. i €t TG ‘i

ALA’7d ’?M
-my, ., Cod 6, ‘u”\¢%"]

Y m-l

1[1://&,(33)*'””‘1 s /‘i“'¢hh
Ala + [/U..-/ @)

+/"”'.l!m c“'é\]__-

o .
+ ‘7;#.«»\ ¢...~;

o
al..) &%~
T g m. S ¢,..~,] 2 I dr*

| -

the welght terms:

(43b) J

e

(43¢)

(440)

(44b)

(44c)
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1 ]
‘y

the drag teras (after using equation (3) for

mation from cable to inertial coordinstes):

[D. Con 0, - Dy4 4~ 0, Coe &,

LS

AL‘

y Py e ~
-rDz;\.«...om Pun S +[D,,,M_’c'«9~/

H . : ALA‘I
—pa ,‘“\O‘.IC~'¢A‘/*DZ~MQ‘.'M¢‘_' T

Dt ~=)

Al
-D.- coc.@%k]—;— +[D’o_‘4an. 6.,
O, weg cesp, =0 é fhe
ot o ot Bt e ] 25

snd the tension teras:

the transfore

(45s)
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_T’/;~ A‘o.n.em 60'01¢M

(46a)
T7:“ Cov 6, Ccoa @, (46b)
77;‘ an ¢A (46¢c)

The cable equations, after substituting into (29),

are thens

{ [/”m(““) *”":“xﬂ Coe 6, -M";\M e, C""#o“
+ ~ - Lin 6,_ain . Aai" +[/”"" ()

tmy , Cee 6, =, Ve 8., c""d,...,

[P =)

2
4 L,- 4 . —
K g =

* Mgy ™6, <P,

~c)
[(Da;‘mo;o?;«;” CR2TR

_ _ dla
t 0y <inp, ain ¢,)3—*("—,' Coee..,

~Ac)

. . i L.
- 07:.-;4“' 6.., co..)"_, -}D!u <n © 4«."‘_') o.l]

~ T

<+ (‘ T,;%GA Coe. ‘“ b 2 T,;_'_“"‘\' '«-l c""#a‘l)




(4Tb)

{[/m(qhm,,;«a P P ey coog] Acn

Laes
+[//~,(4me,.“'*¢~:**‘- ‘“-'Pm]d }—2:“

4‘4-'/
]

[-Guz) C52) +-C

; a¢

: dla.
+ (bys  tim o, t Dys coe f,) —a"‘—i]
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The auxiliary relationa are:

~ (mn ~ m)
(kafl"ﬁﬁa)

8, = gt

-1 Bt = 2”.) _I
¢Q:Lﬂ- ( 4
V(“Aﬂ- A)af(‘?'mn‘ o) 2 ? (gmﬂ- 2‘).1 IJ

T7: - ki. ( \[(%xﬂ' 4‘».)3 G 7...)3 (2,7 i‘)“ ‘ALA)

. s E.
“rns (5= ) (=)

(48a)

(48b)

(a8c)

(484d)

s e it P e “
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3.2 Sybsurface Buoy Dynapics

The forces acting on the subsurface buoy are
a. an external gravitational force,
b. hydrostatic forces,

¢. hydrodynamic forcea (drag and added
mass), and

d. cable tensions
Using Newton's Second Law, (34) the equations of motion
for the subsurface buoy can be developed. In matrix fora,

the equstions of motion are:

M@ =M6 ~-B-H-T (490)

Mé’W'H"T (49b)

wvhere
=z the structural mesa matrixX
e« the acceleration vector

= the gravitational vector

M

Q

G

[B s the hydrostatiec force vestor
}I = the hydrodynamie force vector
T = the ceble tension vecter

w

= the body weight in water vestor

The atructural mass satrix can be written aa:




vhere m 18 the mass of the buoy.

The acceleration vector is:

e
Q = ’Z'c.

c (61)

shere x,, y., and 2, are the x, y, and z coordinates of the

center of the buoy.

The 1n water welght vector 1s:

"
Q

W

y A (52)
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mn.

(Note that (-wp) will be positive for a poaitively buoyant

buoy.)

The tension vector is:

~ T, 4in @, Cov § + T, 2in 6, S4B

T: 7;@*0_‘60045, ‘Tpmgzwé?

T, Un ¢, - Ta 2o ¢k

— - (63)

where Tg and Tp are the tenalon magnitudes of the cable seg-

ments sbove and belos the buoy respectively (aee equation

(32)), and 65, 43. 6 g, and ¢R are the horizontsl and

vertical angles of these segmenta as defined in equation

(30).

The hydrodynamie foreea acting upon the buoy are
by the motion of the body in the fluid. Theae forces
considered to be inertial (added mass) and diasipative.

sipstive forces caused by visgosity will be discussed

caused
sre
Dis-

aeparate force somponents, aa will the inertial forces caused

by buey motion.

The added mass matrix is eatsblished as follows, where

the off-diagenal terus have been taken to de zero due

to the

TP

ST PN




symmetry of the buoy:

M‘x 0 o ¥ |
x i"i
g ” L
(0] m
lz (54) 1
}
Patton (33) gives the hydrodynamic mass for a sphere of :
radius Rg as:
2 2 .
”"34 = 3 To. (R,) (55a)
2 ™
/b‘.‘? =% ul ew (R.;) (55b)
%
‘! ) mr Qw 3 (65¢)

The viscous force matrix may be given as:

2 (56)
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or

_'.!T Ow Cos (77' ”:) ( MRIV) ( L/P’V ) |
D= 3" 0w Cps (ﬁp“-’) (Venr) ( vn/v )
LJE Rw Cas (ﬂ R::‘) (Wﬂﬂ) C WM, ) J (87)

Hydrodynsmic forces are conputed by considering water
mass movements relative to the body. Assume that the buoy
1s deep enough 80 it is not influenced by surface waves and
that the water mass movement is some ateady flow reaulting
from ateady ocean currenta. Then the relstive acceleration

of the vater mass surrounding the buoy 1s given in equstion

(61) as:

Ae
“4e
2,

Q.
H

(58)

The velocity veeter of the body relative to the water maaa

is defined in equation (37) to be:

o

A i il b o G B NS SN i Mt ARS
s »
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Uen

Q@ = Van

WIN (59)

The equations of motion for the puoy can be sunmarized

MQ.‘-‘W‘H‘T (60)

Substituting for the hydrodynamic forces

H=“* .Q.-fD (61)

ylelds

MG=W-[1,4 -D-T (62)

shich siaplifies to
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(11 + [1£') éj = W- D "']q (63)

with all the coefficients as previously discussed.

The inertial term becomes:

()n~-+/nu",) ’?ic
(/»\+'”ML,) ??c
(/”"*ml;) 2, (84)

The viscous force term 18:

Dﬂa

Ds.,

D‘z (65)

The weight tera becomes?

o
o
-“qk (e6)

s R s oo i 0 330

E S—

Py

ey
s
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The tension term is:

_-Ts‘a“.’"’es Co"&.s f&MQR M¢R

RV VN SN

Ts coo B, Cos §, - 7, e B, wg@z

bt

7:5 M ¢J = TR M ¢2 (67) Ia

e .1

As was shown in figures 10 and 11, a buoy 18 located
at the exact position of one of the cable mass elementa. 3
Thus, the equilibrium equations for the buoy will not be !

solved explicitly, but rather the inertial, viscous, and

welzht terma of equationa (84), (65), and (86) respectively

will be added to the inertial, viacous, and weight terma of

the cable element of equationa (43), (45), and (44) r-apec-
tively for the appropriate lumped maaa. Thia will give one
set of equations for the element, with the forcea acting on

the cable and buoy lumped together for the solution.

3.3 Ship Motions

In order to determine the ship motions reaulting froa

waves, ¥.I.T.'a five degrees of freedom aeakeeping prograa

(35) (aurge neglected) was used. This program 1a based upon

38 f
the theory developed by Salveaen,( ) end employa the J

(37)

aection tranaformations used by Loukakis. Appendix D

gives a detalled deacription of the ahip used in the present
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study.
The ahip positions are given in the inertial coordinate

systenm centered at the anchor aa followa:

100 ]
¥, = 2 S-‘-u: am (W, 2 tE, ) (68a)
Yy = G (68b)

100

27: H + 2 .S'&!“:M(%ttfsii) (68¢c)

AT

shere

shx A Sh: = anplitude of lateral and vertical motion
i 1 of ship's point of sttachment to cable

w, the wave frequency

€x1. Ez1

the phase anglea

Velocities at the ship are found by differentistion eof

equationa (68) with reapect to time:
100 :;
Y = - Coo (W, X ¢+
xS ;é; 2, . W, (w 2 E;x‘)

i (69a)
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4,5 0 (69b)
. | oo
% :g S"z,a “ m(ug-/t;tgz‘.) (69¢)

iccelerations at the ship may be obtained by differ-

entlating the velocities of equations (89) with respect to

tiae:
- ey &,
47 :-S S—{,. W L‘/A;/t *E;r") (70e)
ASo 4
A';:., =0 (70b)
. 100 a
z, - 2 S“u byy” e (g, 2 *fu) (70e)
AO

In order to calculate shxx's‘l’ shzl’ end le, the
follesing method was used:

Pirat, the spectra of the vertical motion and latersal
motlon of the peint of inteareat for each sea atate examlned

sas calculated snd punched out on ecarda. Theae calculatlonas
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sere performed at selected frequencies sc aa to have coaplete
caverage of the apestrua of interest. The computations were
performed by 8 modified veraion of M.I.T.'s seakeeping pra-
gram. (35)

Sesond, each spectrua was transformed into a tiae ser-

ies by selecting frequencies such that

a .
W; = a(<~1) t+ W, Asl3 .., mme

shere

(“omax = “omin.)
ma

Qa =

n s number of subdiviaslons
W 4ia = minicum W of spaatrus definition
W oax = maxizum w of spectrum definitien

Each element of the time seriss wes of the foram:
o ) w,
Ap = in (U X+ €, )

shere

4 » \/(a ¢ spsctrsl ordinata,,; * W, -w,)]

t s timas

€:, + phese sngle generated randomly

e ol il At UL I = st i e ot et

N NN

st =
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The complete time series was of the form:

m+l

ASH

Pinally, the relation between £y, and &, was dater-
mined using the regular wave results of the vertical and
lateral motion.

Appendlx P 1ists the values of W,, shxi’ €xy» Shpy»
and €21 for each of the ship headings. (Chepter 4 describea
the three ship headings and the particular sea state used

for the calzulationas made in this study.)

3.4 Nugerjica]l Solution of Equations for Lumped-Maas
System

The lumped-masa aystem has been assumed to consist of
seven luaped-masssea. (The anchor is element number one;
the ship 18 element number seven.) At each element, three
nen-linear second order differential equations may be mrite
ten. This ylelds twanty one second order equations te
desgribe the system.

In order to solve these equations, the fourth-order

d (25)

Runge-Kutts metho used in section 2.1 1s agailn applled.

ik i ittt Sl bt i AT o S s e o o e o . B — - . .
: SV : b et ol il Scrar oo cedediine ot st o :
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The inertial coordinates of each element in the ateady state
model are used aa the initlal conditions (time « o) for the
dynamic model. The anchor is always located at the origin
of the coordinate system; velocities and accelerations at
this polnt are thus always zera. The location, veloeclty,
and acceleration of the ahip are glven by equations (68),
(69), and (70) respectively. Locations, velocities, and
ecceleratiaons of the other elementa are calculated from
equntions (47}, (48), (64), (665), and (66).

As noted by Pstton, (9) the system's highest netursl
frequency is, in general, in the axial mode and along the
strength aember of the gable. An eetimate of this value msay

be glven by:

: P&, A, '
1= 7 \/(/'AALA ) (1)

where

the product of the etrength meader'e effeetive
elestic modulus and effeetive crose-sectionel
erea (see figure 1),

Ha

Ly = the unatretehed length of ceble betmeen two
succeesive saes eleamenta.

the cable's mass per unit length,

After the highest nstural frequency hee been computed, the

integretion step size in the time domeiln ehould bde approxi-

i s b it i K T T SN E—T——

R o el M5

R .
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mately 1/20 of the shortest perlod, i.e., to insure s
numerical stability: |
I8,
b = 0.06 (-TL-) (72) '

h

b
1§
i
E
\
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Iv. REBSULTS

Computations made through the implementatlon of the
computer program described in this study msy be uased to de-
slgn particular cable-buoy-ship systems. The system of in-
terest here 1s subjected to certeln operational sonsatraints
and dealzn requirements, which are gliven below. This does
not laply that the simulation 18 conatralned, but rether,
for tnia example, just certaln physlcal paremeters are con-
atralned.

Some parameters of the aystem components, such as cable
propertiea, are fixed because they had been previoualy spec-
ified 1n the original deslgn of the entire ayatem. Others,
such as the current profile, are conslidered to represent the
"sorat case conditien®™ for the operating aree of 1lnterest.
Theae invariant ayatea parapetera are presented in Table 1,=
where the terms used are defined in section C.5 of Appendlx
C.

The following conetralnts on the behavior of the system

modeled have been ilmposed:

¢ Tables 1-5 and figures 16-34 are presented at the end of
thia chapter.

\
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a. the stsady state tension at the anchor must not
exceed 1000 pounds,

b. the maximum steady atate tension at any poaint
along the cable must not exceed 5000 pounds,

¢e the depth of the buoy or buoya must be minimized
s8a that the buoya may be constructed out of inex-
pensive materials,

d. the number of buoys used in the syates must be
minimized for greater ease in handling and reduced
coats,

e. the ship must be able to operate at horizontal
ranges varying from 400Q feet to 12,000 feet from
the snchor, and

f. 38ufficilent decoupling of the wave-induced motions
of the ship from the cable nmust take place up tao
and 1ncluding sea atate foure.

(Note the magnitude of the tenaion at the anchor 1a nat
checked for the dynaamic case because element number one is
too long, about §600 feet in this case.)

It ahould be noted theae conatralnts are not necessary
fer other maored syastema. Suppose, for example, that the
follaowing process is employed for the cable-buoy-anchor
deployment. The system is layed out in & line on the ocean
aurface, anchor first, with appropriate buoyancy added to
the anchor to keep it afloat. After the entire syastem has
been layed out, the extra buoyancy at the anchor 1s jettle
soned, and the saystem ia allowed to free-fall to the bottom.
If the cable is very leng and 1s negatively buocyant, then

problema may be encountered wnile it 1s being deployed on

TS S g

s




the surface if there is only one buoy. With one buoy, tha
systam would assume a "{A/® shape. If more buoys were ad«
ded, however, the deep catenaries would be minimized and the
cable would assume aore of a straight line configuration on
or near the surface. Thus, for this type of system, require-
ment. (d) would have to be modified.

Previous experlence ¢38) has indicated that the bulk of
the design of aystems simllar to the one being considered in
the present study can be made primarily from detailed and
numerous steady astate calculations. After the syatem has
been seleated, howaver, its dynamic behavior must be checked.
This plan has been follewad here. Cassa 1 to 11 are staady
state almulations only; cases 12 to 14 are dynamic simulas-
tiona. Table 2 summarizes wvhich aystem parametars were
varied for eseh case. (Ths terms used in table 2 are deflned
in section C.6 of Appendix C.) Pigures 15 through 25 ahow
three dimensional plata of the configurationa of cesea 1 to
11 respectively.

Cases 1 to 5§ vary the horizontal diastance between ths
anchar and the ship from 4000 feet te 12,000 feet. The sig-
nifiecant resulta are presented in tables, 3, 4, and 6, where
7, &, md¢ are defined in section 2.1, and the coordinates
XBs YB» &0d zp and the subseriptea BR and BD are defined in

figure 7 of asection 2.2.1. It can be seen that the highest

e
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tension at the anchor, the maximum tension (which 1s always
Tgg of the first buoy), and the largest buoy depth all occur
mhen the ship 18 12,000 feet from the anchor (caase 5).

Thus, since thils appeara to be a "worat caae® conditlion,
subaequent caaes asaune this value to be fixed.

Casea 86 to 8 examine the effects of varylng the excess
buayancy of the single buoy conflguration; caaea 9 to 11
divide the one buoy into two buoya such that the sum of the
excesa buayancies of the two buoys of cases 9, 10, and 11 is
identical to that of the one buoy of ceaes 6, 7, and 8 re-
spectively. Maximum tenalons are acceptable far all the
caaes. The tenalon at the anchor 1s above the 1000 peund
limit for cases 8 and 1l. Compsrable caaes indicate that
the anchor tension 1s slightly lower for the two buoy cases
compared to the one budy caaes. The buay depth for the sec-
ond buoy (buay closest to the ship) 1a caaea 9 and 10 1is
deeper than that of the slangle buay of cases &6 and 7 respec-
tively. (Bvean if the lower bucy of caaes § or 10 were moved
up the cable, the second buoy would always be degper than
the one of gases & or 7 until 1t resched the second buaoy, at
shich polnt csses 9 and 10 would reduce to cssea 6 snd 7 re-
apectively.)

Thus, the only advantsge of the two buoy configurstion

i1s 8 slight reduction of tension 2t the anchor. It was
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ga8p that this benefit was not

decided by Brown and Griffin
enough to justify adding complexity to the system, since there
would be a second buoy. By increasing the cost of the buoys,
there would not only be two of them, but also they would have
to be constructed out of more expensive materials.

A choice then had to be nade between the lower anchor
tension of case 6 and the shallower buoy depth of case 7.
Since the buoy ef ceae 8 was over 500 feet deeper than that
of case 7, and since the anshor tenslion of case 7 was in the
acceptable range, case 7 was choaen 3s the optimal comproamise
asystem. This configuration satiafied the first five apec-
ifications mentioned earlier; the sixth and final requirement
uill now be checked.

The ahip ia asaumed to be influenced by fully developed
aeas driven by 20 knot minds (aignificant wave helight of 8
feet, sea atate four), which is expected to be the worst con-
ditions encountered during operations. (If conditions worsen,
aperations are ceased for this particular syatem.) Case 12
sssuses beam seas, case l4 sssunes head seas, and sase 13
assumes 8 heading of 135% (bom qusrtering seas) in between
sased 12 and 14.

Figurea 26, 27, and 28 plot the lateral and vertical
metions of the bos of the ship at the paint af the cable at-

tachment versus time fer each case. Only a 60 second inter-
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val of the 2000 secand siaulation 1s shown here. Figurea
29, 30, and 31 show the tenalon in segment number one (the
anchor) and the tenalon 1n segment number 21x (the ship) as
functions of tiae for each case. (See figure 10 for a
aketch of this system.) Pigures 32, 33, and 34 plot the
tension in segment number three (just below the buoy) and
the tenslon in segment nunier four (just sbove the buoy)
versua time for each case.

Figures 26, 27, and 28 compare the ship's reaponse in
lateral and vertical motionsa for the identlical sea state
for tnree different ship headings. It is seen that the ship
is atiaulated most in case 13 (heading halfway betwmesen beam
and head seaa). Thus, one would expect that the tenslions
encountered 1a the aystea would be worst for this cases.
(This assumption will naw be checked.)

In examining figures 29, 30, and 31 it can be seen that
the above assumption holda: case 13 does show the largeat
tenslon varistions at the ship. Tenaions at the anshor,
however, sre asimllar for cases 13 and 14. Therefore, case
14 muat aiso be carefully looked at.

The purpose of this study is to decouple the cable mo~
tions of the sestion beldw the buocy from the mave-induced
motlions of the upper section. PFlgures 32, 33, and 34 cen be

used to see how effective thia decoupling mechanism i{s. It

P

- e e s




"W S v e e ac.ca-e ccw-

Ve AN - e cwe e - .o . . e— - -~ - o
o - -
- Pe - * @ ccatatwm—e @ ew - — e -
aa - o @2 e - o o

is clear from these plots that this aysteam does indeed ful-
£111 this requirement. While large vsriations are seen in
segment nuamber 4, much smaller variations in tension are seen
in segment number 3. (The behavior of segment three 1is
typleal of those below the buoy; the behavior of segment

four is typlical of those above the buoy.)
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V. SUMMARY

S.1 Conclusions

The cable-buoy-ship aystema examined here were studied
under a variety of conditions. Pirst, the shlp was placed
at various distances from the anchor in the steady state
model. Then, after selecting a "worst caese? distancs, the
excess buoyancy of the buoy was varied. Subsequently, the
effects of having two smaller buoys inatead of one large one
were looked at. Pinally, after choosing what seemed to be
the opticel system, ita dynamica were examlined. The ahlp
driving the system was subjected to waves typlcal of a par-
ticular sea state, and its angle relative to the iancident
wavea was varied. Tensions in the cable under simulated
operating conditions were thus ebtained.

The system could also be subjected to a variety of
other conditions which were assumed to be conatant, but
which could be varied. Theae lnclude the water current
(magnitudes and direction), cable propertiea (length, dia-
meter, and modulue of elasticity), the location of buoys on
the cable, the sea atate and the particular aurface ahip
being used. This study considered thesa to be fixed because
they were either previoualy speciflied (the cable properties

or the ship) or a ®sorst case® condition (the sea state or

o

e
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water currents).

The models employed in thlis study have shown that the
wave-induced motions of the ship can be sufficliently decou-
pled from those of the ceble such thut cable tensions
throughout the system are acceptable. Thua, in this study,
a system was designed in whieh all the initial requirements

have oeen s&atisrled.

5.2 Suggestions for Purther Study

Purther research in the area of cable-buoy-shlp systems
should include investigation of the effects of additlional
buoys spaced along the cable. While the present model can
account for a maximum of only two buoys, 1t would be rela-
tively straightforward to modify the program so that systemsa
consiating of many buoys could be modeled.

This would be accomplished by integrating along the
cable up to each successive buoy. At each buoy, aa before,
the force and moment equilibrium equetions would be solved.
Integration up the cable would then teke plsce again. This
process would be repeated until the ship was resched. (It
ahould be noted that the program has been succesafully
modified to account for a specific aystem consisting of four
buoys. These results will be deacribed in s forthcoming

report of the Naval Underwater Systems Center.)
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Another posaible useful option would be the capabllity
of apecifying one buoy as a surface buoy. This was serious-
ly considered during this study, but the results were not
conclusive. When the iterative process used for finding the
steady state tension at the anchor (see sectlon 2.3) was
tried, difficulties were encountered in obtaining conver-
gence. The resson for thils was that, when the tension at
the anchor was "corrected™ by only a few pounds, the draft
of the surface buocy would change by a feu feet, resulting
in a significant change in the buoyancy force at the buoy.
It was reslized, then, that the iteration process of section
2.3 could not be used 1in its present form for the entire
system. Instead, the following scheme, =hich 1s deacribed
in detail below is proposed to obtain the steady state
tensions:

Let the problem be divided into two diatinct parta;
the first part looks at the ceble from the anchor up te, but
not including, the surface buoy. The second examinea the
surfsce buoy and the tether to the ship.

The procedure for finding the tensions and paeajitiona
of the cable for the first section of csble mentioned abdbove
is identicsl to that used 1in previocus sections. There 1s,
however, one slight change: the model treats the surfsce

buoy as if 1t were the shlip. The horizontsl distance froa

e =
SEER S S o 3 . 2
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the anchor to the sh'p, G (see figure 8), beccmes the hor-
izontal distance from the anchor to the surface buoy. The
water depth, H, 1s decreased by an amount which 1s 0.6 times
the buoy diemeter. (This means that the buoy i1s initlally
assumed to have a draft which 1s 6Q percent of 1ts dlameter.)
Ahen the desired location of the surface buoy i1s finally
attalned through the use of ‘the 1teratlon process described
in section 2.3, the surface buoy and its tether to the ship
may be examined.

The tension in the cable from the anchor at the surface
buoy, which was calculated using the above procedure, 1s
assumed to be constant. The general i1dea now 1s to adjust
the draft of the surface buoy such that the ship will be on
the ocean surface. (Since the cable to the anchor 1s assumed
to be very long, on the order of several miles long, & change
of 8 few feet at the surface buoy in the vertical directlon
should not be‘aignlficant with respect to cable tensions and
positions between the anchor and surface buoy.)

The initial ®guess™ for the buoy draft i1s that it 1s
0.6 times the buoy diemeter. Using this value, equilibrium
equations may be written and solved at the buoy, and the
cable tether 1s subsequently integrated to the ship. The 2
(vertical) coordinate of the ship, 2gy, 18 then compared to

the known water depth, He If the difference between these

v

e L A3




E

119.

two values 18 less than some prescribed valus E', then
this iteration has producsd the final results. Otherwise,

the following correction 1a applied to the nsxt iteration:

2,"' ‘H
B 2
& H’at-,) g ) Ch+19)”

whers
HDk s the buoy draft of thne k'th lteration
- - '
Hp(k-1) = the buoy draft of ths (k-1)'th iteration
25H ), = the z coordinate of the ship of ths
(k=1)'th iteration
H = the watsr dspth
k = the iteration numbsr

Using this "ecorrected® valus for ths buoy draft, squil-
ibrium requirements srs satisfisd at ths buoy, and the cable
sgain 1s integrated to the ship. This procsss is repeated
until, as alrsady atated, ths error becomea aufficiently
amall.

Ths acheme desceribed abovs was incorporated into s
modsl, and auccesaful convergencs waa obtained. (The iter-
ationa were repsated until ths ship was found to be located

on ths surfacs of the water.) Although thia method has bsen

it Lk b e e i Rkt bl i il 1 iianis i
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shown to be convergent, further examination of the assump-
tions must be made before the results can be taken to be °

accurate.

.._____....
am—— -
iR i g i i R

48 is the cese with most computer models of physical

systems, a comparison of the results obtained from the simu-

lation with experimental data should be made. It would thus

be useful to comosre the results predicted by this study with

TR

thoss of an actual system operating at sea in order to val-

idate the model.

In addition, certain parameters and constants of the

-

program could be given more accuracy. These could includs

the drag coefficients, hydrodynamic mass coefficients, ete.

3
)
y
i
1
3

dodifications could be made such that cable strumming would
bs sllowed to occur if it wers appropriate for a csrtain &
system. (Cabls strumming 1s neglected entirely in this atudy)

Ussful information could most definitely be obtained

by comparing the amplitudss and phasas of the tension ver-
sus tims plots. This would include examining the tensions
at idsntical segmenta of the cabls for various ship headings
and comparing the tensions in various ssgments for the aame
ship heading. A detsiled analysis of this typs would re-
quire the uss of sophisticated statistical methods.

An interesting extsnsion of this study would bs to not

assums that the anchor is fixed; that ias, the anchor would
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{
be taken to be a certain welight. If the tenslon components ‘!
at the anchor exceeded certain limits, then two thlngs could
. happen. Pirst, the anchor would be lifted off the bhottom if |4
the lialt for the vertical component ware exceeded. Second,

the andhor would be dragged along the ocean floor if the
l1imit for the horizontal tension coamponent were exceeded. {4

Pinally, ways could be found to reduce the running time

of the prograa. Por example, the step size in time, b, (see ) #
section 3.4) could be examined to see how large it can get ]
bafore inaccurancies and numerical inatabllity occur. A k|

reduction in time would realize significant savings in cosat

for the user.
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Appendix A

THE FOURTH ORDBR RUNGE-KUTTA METHQD

Consider the initial-value problem:

%"L:A;«I: F (%, %) (a1)

n (2,) =y, (42)

The increment 47 for advancing the dependent variable when

the independent variable is advanced by h is given by

sz—é-(,&‘ tak, tak +.&,) +0(,£f) (43)

where

b=k F( A, )

‘ (A4a)
4, = AF (2t gL, s 3'—,&,) (A4b)
A, = AF(urz R, 4+ L 4,) (4e)
A, =L F(2th o + A, ) (4¢d)
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The values at GK.‘,,f#.“) are then:

#A“ :4m +~4£v (ASa) '

Mo = ¥~ ? sy (46b)
All intervals are computed in the same menner, using L
g of each o

for the initial values the values at the beginnin
oes not naed any special formulss toO

interval. The method d
a well sulted to computa-
)

get the solutlon started, and it 1}
+

tional forme.
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Appendix B
SOLUTION OF BUOY BQUATIONS

B.]l Bguilibrium Equations

Bquations (12) are:

- (Tee ),, +(Dp),, - 7'”)(.4(1., 9,,)("“ ¢u) =0

“(R) + 0, +() (e 8,) (ere $,) =0

i
O

- CT“); +® + (1,,)(<in §,,)

Letting

pex = [~ (1), + (a,)7]
AEY = [ (7;,)7 - (DF)7]

Az = [ @), - (8 ]

(Ble)

(B1lb)

(Ble)

(B2s)

(B2b)

(Bge)
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the above equations may be rewritten as:

.Tko 4 G Cow @, = AEX
7;0 Cov 6, oo = AEY
Teo L, Sbeo = A&z

Dividing equatien (B3¢c) by (B3a) givesa:

oo $,, _ AE 2
Air 6, AEX

Dividing equatien (B3c) by (B3b) ylelds:

,A‘«.f,e = A€ 2

-Cb‘fg'o AEY

Rewriting equatien (B4):

_ AEz .
K. f’u = Wmeu

(B3e)

(B3b)

(B3c)

(B4)

(BS)

(Be)

- r
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Putting equation (B6) into (B5):

. Oy, | _Aer _ A€ Z
Cov o, AEX - ALY (B7)

or

Xﬁm» =) = .__ftffi___

2 AEY (B8)
wnlch lamplles

" Aex
AE )’ (B9)

Equation (56) may now be solved for

o [(4e8 ) e,
AeX 20 (B10)
or, from equation (B9), letting

AEX = CAEY)(/&A- G,o) (B11)

equatien (Bl0) may be rewritten as:
AEZ
byy = o [GF6n)]

Pinally, TBD may be found by rewriting equatien (B3c):

Tole ——
/) M¢oo (B13)

(B12)
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If ARY 1s calculated to be zero, then Opp = 90% 1
AEX 18 positive and ©pp =-90° If ARX 1s negative. Similar-
1y if ABY 1s calculated %e be zero, then $pp = 90° If ABZ
is positive and $pp , -90° If AEZ is negative.

Finally, 1if ?33 1s ealeulsted to be zero (which 1a not
expected), the program will automatiocally be stopped as it

cannot evaluate equation (Bl3).

B.2 Moment Equatjions
Bquationa (16a), (16b), and (17) ere:

@ (%) +(3),00,) -0, C5=)- G0 (e,
(DF), (‘%‘" ) "(7;5)1(3,,) -(® (‘?EQL') - <7;")z@“') S0  (Bl4b)

GM:): = (’xoc)a *(7'.:): 7 (203)3 (Bl4c)

where, from equatiens (16):
q‘oa =P (Blda)

"I’o, = - Ve (B15b)

(Bl5e¢)
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Combining like terms of equations (Bl4) glves:

[ (‘.‘f—) t (7;0)2] e) - (@) *@o);:l (zu>: ©
[(22) + G)i) @) - [+ Gl ] =0

(JRJ)‘ = ) + Cr)” # =,)°

Let

cC = (L_']) + ( o) ]

= [(ﬁ%?z:) v 6%0

N
[

= [623)&) i (Taa),;

D, = 2 R,

(Bléa)

(B16b)

(Bléc)

(Bl17a)

(B1Tb)

(B17¢)

(B174)

Then, substitution of the above expressions into equstions

(Blé) ylelds:




133.

(C,) (',’“) - (c'a) (zop) S (B18a)
) (,) - )(#%, =o (B18b)
(D:)a i (’)‘M)a *67;.):* (z“)-? (Bl8e)

Solving for ypp and x pp in equations (Bl8a) and (B18b) re-

spectively glves:

703 = (—_Ci_a-) (2“) (B19a)

%08 = (TC,L') ( zoc) (B19b)

(e¢; 1s never expected te be equal to zero.)

Subatitutien of the above expressions into equation (Bl8e)

oy=[c’r (@ vl

(B19e¢)

This equatien may be solved ss followa:
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0,

2, = .
o V4 (—fIL)a-r (—:—L')JH

(B20)

The solution for the unknawn coordinates, then, may be teken

from a rearrangement of equations (Bl5):

Np = e T Kopp (B21a)

Y = e T P (B21b)

2, = 2, t 2, (B21e)

where all the teras are as previously defined.
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Appendix C
COMPUTER PROGRAM DESCRIPTION

C.l1 Current Profile
The program computes the current velocity as & function
of depth. The current direction is essumed to be conatant
and the current velocity vector at any depth 1s econtained in
a horizontal plane. Assume that the current, Vc, has a
veloecity of ¢, knots at the surface, deecreases exponentlally
to ey knots at s depth of D feet, and varies linearly at

greater depths to cg knots at the bottom, at a water depth

of B feat:
-(”—2)(('.2)
zz 2
Ae = C, £ (H s @0)) (Cle)
shere
Cax
c Lo (W)

LI 0 (Clb)

Yo T Cpt (7?7—)@7‘9)

((H-D).’ 2z o) (ce)

Pigure C-1 shows this profile:




MEAN WATER LINE — Cx
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Pfgure C-1. Current Profile
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C.2 Drag Coefficienta

The drag coefficlents for both the ceble and the

spherical buoys are apecified in the progresm for differ-
ent ranges of Reynolds numbers. The cable normal drag

coefficlent 1s given as followa:

K Re - QX /DJ) -‘
i’. OXN)) _l (;.ox/oa </ (@.51/09 (C3a)

Re-( S'X/o’)

Clw -092 (4 7x97) } (a.nn‘DfRC‘('-SX/OD (Cc3b)

Con < /.2 (I.Sﬂo').‘ﬁe < (zoxn") (c3e)

The lower bound for the Reynolds number for the cable nor-
mel drag coefficient 1s given sa (.0 x 102), whiech, for a
20,000 foot leng 2 inch diameter cable (which is used 1in the
present study), corresponds to a normal drag of l.5 pounda.
The upper beund 1s (2.0 x 105). (The maximum Reynolds num-
ber expected in this study is (3.6 x 104).) Pigure C-2 shows
a comparison between the approximatiens of equatiens (C3)

and the ectual normal dreg ecoefficient for smooth eylin-

dcrc.(sg)
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The cable tangential drag coefficlent ia specified asa:

Re ~ (axs0°)
| =a X/0%)
Coy 0.00¢ 2 (2.0X10) € Re < @.0xe?) (c4)

The lower bound for Re 1s (2.0 x 103) which givea a tangen-
tial drag of 2.3 pounds for the cable used in this study;
the upper oound 1s (2.0 x 16°). (Re 1s not expected to ex-
seed (3.6 x 10‘) in this study.) PFlgure C-3 compares the
valuea calculated from equation (C4) and the actual tangen-
(28)

tial drag coefficlients for smooeth cylinders.

The drag eoefficient for a spherical buoy 1s given as

follews:
C,s =0.5 G. oxm?f&s @-0X/09 (csa)
§

~ f(;_'%‘;ﬁ_:’")) Ca.0u)€Re <@5xw?)  (cob)

€Cps= 0.52
[Re-(asm’)] Ca.sx168) = Re < (sox10?) (Cbe)
(XTTY

CpsS0.122
Cys 0.2 (t.0xr0")s Res (-0x”)  (cga)
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The lower bound for Re is (3.0 x 10‘), which, for a 6 foot
dismeter spherical buoy, corresponds to a drag of 0.09
pounds. The upper bound is (1.0 x 107). (The maximum
value for Re in this study 1s (1.3 x 106).) Pigure C-4
glves a comparison bgt'een the approximations of equaetions

(€5) and the actusl drag coefficlent for s sphere. (28,39)

C.3 Possible Buoy Syatems

There are several buoy systems which the program 1s
capable of handling. The present program allows for a
msximum of only two subsurface buoys but, with minimal
alterations to the program, more buoys could be added.

Pigures C-6, C-6, and C-7 shom the three possible systea

configurstiens.

e ad bbb S e




Pigure C-6. System With Ne Buoys
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FPigure C-8. System With One Buoy
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Pigure C-7. Systeas With Two Buoys
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Cy4 Plow Charts

The ateady state model is subdivided into a main pro-
gram and five subroutines. (The dynamic model 18 included
in an addlctlonal subroutine.) The maln program perforama
very few calculations; 1ts purpose is to gulide the progran
through the subroutines and print and plot the results.
(See figure C-8.)

Subroutine CONPIG specifles the cable equationa; it
glves the tension, the two angles, and the position at reg-

ular intervals along the cable. (See figure C-9.)

Subroutine RUNGE givea a Runge-Xutta nuaerisal asolutien

for the integration of the differential equationa. (It ia
celled from CONFIG snd from DYMICS.]} This subroutine waa
developed by Whita. (25)
Subroutine ANGLE ataply gets any two anglea to be
between -9 and 1r radiana or -180 and 180 degrees.
Subroutin; SUBSRY solves the foree and moment equilib-
riua equat!ons of the subsurface buoy to give the tension,
anglea, end poaition of the second point of attagchment.

(See figure C-14.)

Subroutine TENCOR eorrecta the tensions at the ancher

in order to reduce the errer between the calculated loecation

of the ship and the actual location, (See figure C-11.)

Subroutine DYMICS gives the posltions, veloecitles,

e e
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READ IN SYSTBM
PARAMBTERS

INITIAL VALURBS

:

CALL CONFIG

NO BUQYS?
BS

CALL SUBSRF

CALL CONFIG

1.BUOY?

CALL SUBSRP

®

CALL CONFIG

UN-
ACCEPTABLE
ERRCUR?

CALL TENCOR

_—

STEADY STATB
QUTPUT

DYNAMIC MODEL?

CALL DYMICS

ARNOTHRER CASET?

= )

Pigure C-8. Flow Chart for Main Program




SUBROUTINE CONPIG

I

INITIAL VALUES

y

DRAG COBPPICIENTS

}

CURRENT VELOCITY

:

CURRENT COMPONBNTS

CABLE BQUATIONS

:

CALL RUNGE

CONVERGENCE?

NEN COORDINATES

CABLE END?

STORE VALUERS?Y

STORE VAL UBRS

B

CALL ANGLE

NO

YRS

o

Pigure C-9. Flow Chart for Subroutine CONFIG
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SUBROUTINE SUBSRPF

CURRENT VEBLOCITY

I

DRAG COEBPPICIRBNTS

y

KNOWNN TBNSION

|

NET BUOYANCY

‘i

DRAG PORCR

:

PORCE EQUILIBRIUM

y

MOMENT EQUILIBRIUM

]

CALL ANGLE

1

o D

Pigure C-10. Flow Chert for Subroutine SUBSRP i
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SUBROUTINE TENCOR

i

NEN CLOSURE BRROR

YES
ERRROR = 5007

OLD ERROR > 27 NEN ERRCR
NEN ERRCR < QLD ERROR

f=d4/a

b_

®OLD® TENSION

!

TENSION CORRBCTICN

:

CORRECTBD TENSION

B

MAGNITUDE & ANGLES

|

CALL ANGLR

i
C=

Pigure C-1l. Flow Chart for Subroutine TENCOR
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Pigure C-12. Flow Chart for Subroutine DYMICS
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accelerations, and tensions of the system shen it 1s be!ing
excited by the dynamlec motions of a surface ship. (See

figure C-12.)

C.5 Input Data Cards

The program was deasigned to allos the user as much
freedom as possible in choosing various parameters for the
system. Thus, maximum use was made of lnputting data.

The order and format of each parameter of each card re-
quired for the steady atate model is given belos in table
C-l. (De not include ecards 3 to 203 if IDYKIC - O; de not

include carda 104 to 203 if BETA = O or 180.)

CARD NUMBER PARAMBTER COLUMNS FORMAT
1 NCB 1-10 I10
NCD 11-20 I10
NCE 21-30 I10
IDYMIC 31-40 I10
IPLOT 41-50C Il0
2 RPSLNA 1-10 Fl0.2
NOITER 11-20 I10
3 BETA 1-10 P10.6
TMMAX 11-20 P10.5
4-103 AMPZ 1-10 F10.4
OMBGAZ 11-20 P10.4
PHANGZ 21-30 Plo.4

Table C-1. Order of Input Data Cards

Sacdi

PYIvR
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CARD NUMBER PARAMETER COLUMNS PORMAT
104-203 ANPX 1-10 P10.4
OMBGAX 11-20 F10.4
PHANGX 21-30 P10.4
204 XCHAR 1-6 AG
YCHAR 1-12 A6
ZCHAR 13-18 A6
XCHRR 19-24 A6
YCHRR 26-30 AG
ZCHRR 31-36 A6
VELX 37-42 A6
VELY 43-48 a6
VBLZ 49-54 A6
TEN 66-60 A6
TIM 61-66 A8
205 cx 1-10 P10.9
D 11-20 P10.9
CcY 21-30 Fl0.9
gB 31-40 F10.9
THEBC 41-60 P10.9
206 IBUOY 1-10 I10
EA 11-20 Flo.2
PA 21-30 P10.2
RB 31-40 Plo.2
PB 41-60 Pl10.2
207 SAD 1-10 P10.3
RAD 11-20 P10.3
WAD £21-30 F10.3
DAD 31-40 P10.3
DSAD 41-60 F10.3
208 SRG 1-10 ?10.3
RRG 11-80 Fl10.3
RRG 21-30 F10.3
DEG 31-40 F10.3
D8RG 41-560 P10.3

Table C-1. Order of Input Datd Cards (Coent'd)
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CARD NUMBER PARAMETER COLUMNS PORMAT
209 SGT 1-10 P10.3
BGT 11-2C Pl0.3
RGT 21-30 P10.3
DGT 31-40 P10.3
DsGT 41-50 P10.3
210 TITLR 1-8 ié
211 G 1-10 Pl0.2
H 11-2¢C Fl0.2
ICaASE 21-3¢C 110

Table C-1. Order of Iaput Data Cards (Cont'd)

The psrameters used in table C-1 may be deseribed as

folleuws:

NCB s pumber of timea carda 210 snd 211 will be
repeated for one set of values of cards 1
thru 209.

NCD 2 nuamber of times carda 206 thru 211 will be
repeated for one set of values of csrds 1
thru 2056.

NCE s number of timea card 2056 will be repeated
for one set of values of cards 1 thru 204.

IDIMIC

O If only the asteady atste model is desired.
s« 1 if both the steady state and dynamie models
are desired.
IPLOT O if no plots are desired.
1 if plets are desired.

e




8PSLNA

NOITER

BETA

TMMAX

AMP2Z

AMPX

XCHAR,
YCHAR,
ZCHAR

XCHRR,
YCHRR,
ZCHRR

VBLX,
VBLY,
VBLZ

TBN

TIM

cx

*D §
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saximum closure error at ship (feet) for steady
states model.

seximum nuaber of iterationa par case for
ateady state model.

ship hesading in dagreea (following saas = 00,
bean seas =z 909, head ssas = 180°),

langth of tima in seconda for which tha dynan-
ic simulstion is dasirad.

amplitude in faet of heave of ship at fre-
quancy OMEGAZ (in radiana) and phease angle
PHANGZ (in rsdieans).

amplitude in feet of sway of ahip at frequaney

OMEGAX (1n radiens) and phasa angla PHANGX
(in radians).

lsbela on x-axia, y-axis, and z-axis raspec-
tively en plots of ateady atate medal.

lsbels on x-axis, y-axis, and z-axis respec-
tively on plots of dynsmis model.

labels for velosity components in x, y, &nd 2
directions respectively en plots of dynamie
model.

label for tensien on plots of dynamie podel.
label for time On plote of dynsmic model.
eurrent speed in knots at the surfaees.

depth in feet above whiech the current varistion
is exponential and below shieh the ecurrent
variatien is linear.

eurrant speed in knots at depth D




CcB

THEC

IBUOY
EA

PA

EB
PB

SAD

EAD

WAD

DAD

DSAD

SEG

BRG,
wBG,
DEG,
DSRG
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surrent speed in knota at ocean bottom.

current direction in degrees, measured posli-
tive counterclockwise from the y-axis.

total number of buoys (0, 1, or 2).

excess buoysnéy 1in pounds of firat buoy
(displecement minus buoy sir weight).

density of first buoy 1n pounds per cuble
foot.

excess buoysncy in pounds of second buoy.

density of second buoy in pounds per cuble
foot.

unstretched length of cable 1n feet between
the snchor and the firat buoy (between the
enchor and ship 1f no buoys); this length of
cable 1a referred to as the first sagment.

modulus of elaaticlity in peunds per square
inch of the first segnent.

mwelght in water of firat segment 1n peunda
per foat.

outside dlameter in inohes of first segment.

strength meaber diameter in inches of first
segment (See figure 1l.).

unatretched length of cable 1n feet between
the first buoy snd the second buoy (between
the firat buey and ship if only one bdbuoy);
this length of cable 18 referred to ss the
aecond segment

if no buoya

ere anslogeus te BAD, WAD, DAD, and D8SAD
respectively, except that they refer te the
second segment

if no bueoys

i biaia

rade |



SGT

BGT,
nGT,
DGT,
DSGT

TITLE

ICASE
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unstretched length of cable in feet between
the second buoy and the ship; this length of
cable i1s referred to as the third segment.

O 1If no buoys or only one buoy.

are analogous to EAD, WAD, DAD, and DSAD
respectively except that they refer to the
third segnment.

0 if no buoysa or only one buoy.

title printed on all plots.

projected length in feet in the horizontal
plane between the anchor and the ship.

water depth 1n feet.

case number.

The order of the cards resembles a large DG loep fer

the pregram:

(DATA CARDS 1 THRU 204)

DO 1 NCBC = 1, NCB

(DATA CARD 205)

DO 2 NCDC ¢ 1, NCD

{DATA CARDS 208 THRU 209)

DO 3 NCBC « 1, NCB

(DAT4 CARDS 210 THRU 211)

3 CONTINURB
2 CONTINUR
1 QNTINUR
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Thus, there 1s only one of cards 1 thru 204, there are NCB
of eard 205, there are NCB X NCD of cards 206 thru 209, and
there are NCE X NCD X NCB of cards 210 and 211.

This meana that the ship's poaition and water depth are
varied first, then the parameters of the cablea and buoys,

and finally the current veloclity.

C.6 Program Convergence and Limitations

The ateady state prograa hea been applied to a number
of cases; however, they have not been exhauative. Conver-
gence for the lteration process which findas the tenslon at
the anchor has been found to take place after about 18 te 26
l1terations.

Proebleas have been encountered with certaln conflgura-
tions. Very high tenalon casea, where the cable muat elong-
ate a good deal, are slow to converge. For example, 1in one
such case, the maximum tensions ia the cable reached 30,000
pounda after 70 iteratlions. (Hlgher tensions were expected.)
Por the purposes of tnis study, though, tensions of this
magnitude willl not exist. (The meximum sllowsble steady
state tension 1s 8000 pounds due to material limitations.)

Slack cases have alao had problems with econvergence.

A slack mooring, as used here,1s defined to be a esnfigurs-
tion 1n whieh a pertion of the lower sectlien of cable rs-

meins on the bottom (that 1s, 1t 11es 1in the horizontsl
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plane). PFor this study, such cases are not of interest for
two reasons. First, such tensions will slways be in the
acceptable range. Second, a slack cable 13 undeairable be-
cause of possible problems with the cable tangling itself.

It should be noted that the program does not account
for certain physical constralats on the cable attachaent at
& subsurface buoy. Certaln cases may produce a configura-
tion where tne cable "goes ins!de® the buoy. The progran
cannot apply thils geometrical limitation to the cable angles
at the buoy.

This prcgraxs was run on 2 UNIVAC 1108 diglital computer
at the Naval Underwater Systemsz Center. The approximate CPU
time in the steady state was two amainutes per case, where the
closure error (BPSLNA) was taken to be 10 feet. Approximate

CPU time for the dynamic model in minutes was given by

CPU time : 0.004 (—=giX.)

shere TMMAX is time in seconds the system 1s allewed to run

sand b is the step size in time (seconda).
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Appendix D

SHIP DRSCRIPTIUN

The ship used in this study i1s one of the Agor class.

Its parameters are glven in tables D-1 and D-2, where the

terms sre defined to be:

cB

XLBP
BRAM
DRAPFT
XCG

vea

Gu

RYY:

X211

RSURFPA

ST

I

t 24

block coefficlient, defined aa volume of the
displaced fluid divided by (midahip beam -
midship draft - ship length between per-
peadiculers) (nondimensional)

ship length between perpendiculars (feet)
midship beem (feet)

midship draft (feet)

longitudinal center of gravity measured
from tne waterline (positive up) (feet)

verticagl center of gravity measured fron
the waterline (positive up) (feet)

metacentric helight (feet)

radius of gyration about the y-~axis (feet)
redius of gyretion about the x-axis (feet)
radius of gyration about the z-axis (feet)

mass poment of inertia about the x-~2 axis
(slug * feet squared)

wetted surface (feet squared)

atstion number (P.P.s O, A.P.z 10)
(nondimenaional)

distance to ship statien ST meesured from
amidship positive forward (feet)




ahip.

M
M

SIGMA

ZcB

GIRTH

ALPH

INBK

INBK

InBK

Pigure D-l

(This 1s
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full beam at waterline of station ST (feet)
drsft at station ST (feet)

srea coefficient of ststion ST (defined as
section area divided by beam - draft of
atation ST) (nondimensional)

vertical center of buoyancy of station ST
measured from the waterline positive up
(feet) ,

girth of ship station ST (feet)

angle between ship side and verticsl, re-
quired only for INBK = 1 (degrees)

sections with a8 deep U or V shape and small
radius at the keel (typlcally at the forward
portian of the ship)

sections having s triangular shape as the
extreme aft section of a crulser stern ship

sectiona which are unlikely ta produce
eddies as the ship rolls

indicates the coordinate syatem used at the

for the seskeeping progrsm only.)

4

|

- el

C
L

Pigure D-l. Coordinate System of Ship
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The (x, y, 2) coordinates of the point for which motion
computations were performed are (98.0, @, 0). The x coor-
dinate of the origin for motion computations was assumed to
be the same as the XCG of the ship. Regular wave frequencies
(wave length / ship length) used in this study are given as:
Q.2, 0.3, 0.4, 0.5, 0.6, Q.7, 0.8, 0.9, 1.G, 1.1, 1.2, 1.3,

1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.25, 2.5, 2.75, and 3.0.




CB =
ILBP 5
BEAM =
DRAFT =
XCG =
vCcG =
GM -
RYY =
RXX =
RZZ =
XZI =
NSURPA =

Table

e D e A e T ol e e
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C.43
196.0
39.0
14.25
-2.0
3.l
1.96
49.0
15.6
49.0
g.0

8073.0

D=-l. Ship Parsmeters
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Appendix B
COMPUTER PROGRAM LISTING

This appendix contains the program used to simulate 4

the cable-buoy-ship syatems described 1n this study.
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